Compared to other cells, except neural cells, the biggest property of neural cells is to have a particular electrical activity in each cell itself. The activity that shows a specific pattern will carry different information as a history of each neural cell. At present, we have examined the roles of neural impulses and revealed that a synaptic plasticity can be controlled by different patterned neural acitivites, such as different frequencies or oscillation patterns. Even though neural cells have similar genetic backgrounds, different environments give cells different neural activities and finally different characters of cells. Current studies have revealed that a particular pattern of neural activity, e.g. frequency, could be effective in some diseases. In response to environmental changes occurring throughout development and adult life, the brain reorganizes itself by adjusting the pattern of activity. In some cases, a particular pattern of neural acitivity decides the neural fate and should be able to control brain function even in higher functions. In the future, in order to understand the role of activity patterns and mechanisms of fundamental information processing in the brain, it will be necessary that the meaning of patterns is explained from molecular, biological and morphological perspectives, i.e., not only with metaphysical 'phenomena', but also at a physical 'material' level.
As early as the mid-1800s it was reported that nerve cell activity could be controlled by electrically stimulating the brain, and for over 100 years since then research has continued on the potential for using such electrical stimulation to control brain plasticity. Recent advances in both engineering technologies and the various technologies supporting fundamental research [1] have brought about increasingly effective methods that are being used to develop ways to help people to compensate for lost physical and mental functions [2] . Further, efforts to fuse human and machine have embraced such methods for use not only in medical treatment, but also increasingly toward finding ways and means to draw out, enhance, and optimize latent human capabilities.
Our thinking is that in obtaining precise control of peripheral and central nervous system plasticity in order to achieve the kinds of aims mentioned above, it is first important to conduct an analysis of the electrical patterns inherent in nerve cells. In recent years it has been reported that changes in neuronal activity patterns are accompanied by various changes in molecular behavior [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] (table 1), resulting not only in significant changes within the nerve cell internal environment, but also in a very high possibility of some effects on higher-order functions. In fact, our research has followed the idea that it may be possible to discover some correlation between these neuronal activity patterns and higher-order functions, and furthers that in attempt to cause specific function acquisition to take place as shown in several clinical examples [2, 14- Analyzing pattern of neuronal impulses from the viewpoint of molecular mechanism may reveal some principles on information processing for higher function in the brain. Others PSD-related molecules Homer/Vesl (splicing) [13] ACh = Acetylcholine; NMDA = N-methyl-D-aspartate; GABA A = Á-aminobutyric acid A; NCAM = neural cell adhesion molecule; AMPA = ·-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid; CaMKII = calmodulin kinase II; CREB = cAMP response element binding protein; LTP = long-term potentiation; LTD = long-term depression; PSD = postsynaptic density. 21] , it will become important to have a comprehensive understanding of which areas and which patterns the stimulation should involve. Such efforts to understand the brain more thoroughly toward an increasing ability to exert active control are currently taking brain research into a very exciting new era [2] .
Neuronal Activity Patterns and Molecular Behavior
As shown in figure 1, one direction of brain research in the 21st century has involved clarifying the relationship between neuronal activity patterns and molecular behavior and/or higher-order functions, or in other words, attempting to understand higher-order function phenomena at their molecular level. In particular, our research is focusing on the control of the motor nervous system (which is necessary for learning), through basic research on experiments involving treatments to restore functions lost to aging-and neural-degeneration-related motor disorders and to develop the techniques for enhancing existing motor capabilities. Analyzing the patterns of neuronal electrical activity from a molecular biological viewpoint is part of understanding higher-order functions at their molecular level, and is extremely important in attempting to find ways to exert fine control over these functions.
As a line of various molecular analyses, the study of neuregulin (NRG), which is a multipotent neurotrophic factor, is going to reveal molecular mechanisms controlled by the patterns of neuronal impulses. Although widely diverse functions have been reported so far, the NRG molecule retains various functional aspects, focusing on synapse formation [4] . Based on recent reports and our data, functions of NRG in brain synapses are summarized as a model case in figure 2 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . From the viewpoint of studying electrical activity, NRG seems to be a key molecule in studying dynamic changes in developing and mature synapses which occur in a use-dependent or an activity-dependent manner. In some cases, chronic disorders of an adult may also result from a variety of early developmental events. Because any disturbance that locally perturbs regulation of the receptors, ion channel and so on that might be controlled by NRG [8, 22, 23] , or the temporal correlations in synaptic activity that drive these receptors, has the potential to alter the normal development of local circuitry and the critical balance of inhibition and excitation in the brain. As shown in figure 2, NRG seems to be related to many molecules. The enhancing functional diversity may be specialized by responding to specific molecules that are involved in different phenomena such as morphological changes in synapses and cell motility.
Our experiments on both NRG and electrical activity seem to suggest the following hypothesis between the molecular mechanisms and electrical activities as shown in figure 3 . The internal environment of nerve cells is determined by nerve activity patterns arising from multiple combinations of wide meaning receptor activation including receptors of neurotrophic factors, and it is conceivable that the controlled molecular changes resulting from a given pattern can in turn control both synapse state and, finally, the remodeling of the neural circuit networks [3, 10, 35] . Our experiments on direct electrical stimulation suggest the following: (1) plural receptors contribute to induce gene expression and in some cases the background of neuronal activity may be essential, and (2) direct electrical stimulation can partially rescue the effect of receptor and ion channel blockers [unpubl. data]. In the process of synaptic maturation, there may be a cascade between specific patterns of neuronal activity and receptor activation ( fig. 3) . If receptor A is activated, the neuron will have a pattern A of neuronal activity. Next, receptor B is activated by pattern A producing pattern B. As a result, neurons will have a pattern of A plus B. This example does not mean only simple addition. In the same cases, plural inputs will produce synergistic or negated effects as patterns by timing of input. Each pattern of activity in the cascade may control molecular behavior. We hypothesize that specific patterns control molecular behavior and the patterns of neuronal impulses are composed of a combination of patterns through the involvement of individual receptors or channels. We also hypothesize that certain steps which are triggered to induce gene expression should exist. Accordingly, the combination of activated receptors and ion channels, and the order of their activation may hold the key to solving the roles of impulse patterns.
In addition, some effects of the receptor blockade by antagonists or blockers could be corrected by specific electrical stimulation (our observation). This means that the roles of presynaptic neurons, receptors and channel activity can be mimicked by some specific patterns of electrical activity. Accordingly, it may be important to examine the role of patterns of electrical activity for artificially controlling neural plasticity. The pattern of neuronal activity in vivo is divided into several parameters: frequency, pulse duration, pulse train rate and rate generation for example. Of the many parameters, frequency is an obvious parameter to control molecular behavior in the brain, in agreement with the literature. The other parameters, in addition to the frequency required for controlling the behavior of molecules, will be examined in future experiments. Many neural circuits are determined by competition involving electrical activity as an excitatory and inhibitory signal balance within a critical period. In many cases potentiality in neural plasticity seems to be determined by events that happen within a critical period. The periods would be different in observed ability. We think that the periods should be able to be controlled by removing some blockers or by compensating lacking factors. The events observed during the critical period are thought to affect neuronal plasticity. The phenomena we have discussed may explain the organization mechanism of neural circuits in the critical period. From our results, we further propose that the patterns of neural impulses may be able to determine the fate of neurons, or neural circuits, through controlling molecular functions which could be regulated and mimicked by direct electrical stimulation with a specific pattern.
Application to Medical Treatment
Recent application of this line of work in actual medical treatments has achieved some remarkable success, including successful treatment of certain hearing impairments [2] and the restoration of the sensation of light in blind patients by implanting a microchip in the retina portion of the retina-visual cortex system [2] . Good results have also been reported in working with spinal injuries [14] [15] [16] , facial nerve paralysis [17] , and quadriplegia [2] , as well as in the treatment of conditions such as child epilepsy [18] [19] and Parkinson's disease [20] . Further, while not yet formally reported in academic papers, attempts are also being made to use stimulating electrode implants to achieve lasting recovery in cases of nerve damage. As mentioned in the Science feature article 'The Bionic Human' quoted earlier, the fusion of machines and human beings is undoubtedly set to bring incredible changes to both medical treatment methods and human life overall.
